Thin disordered layer can be formed by sputter-deposition of alumina on fully ordered L1 0 FePt nanoparticle assembly, due to plasma damage. The thickness of the disordered layer can be tuned by the sputtering power and deposition time of the alumina target. This partial disordering causes substantial decrease in the coercivity, which may be effective to adjust very high switching field of L1 0 FePt to practical magnetic recording systems.
Introduction
Future ultrahigh density recording media require an assembly of magnetically isolated ferromagnetic particles that are less than 10 nm in diameter. Since such magnetically isolated nanoparticles become thermally unstable near the superparamagnetic limit, the ferromagnetic materials with large magnetocrystalline anisotropy energy must be used to maintain good thermal stability in the nanoscale range. The L1 0 ordered FePt phase has a large uniaxial anisotropy of 7 Â 10 6 J/m 3 , and is regarded as the most promising material for future ultrahigh density recording media.
When particle size becomes a few nanometer, the magnetic properties of FePt nanoparticles are significantly affected by the nature of the interface with a non-magnetic matrix, because the ratio of the interface to volume increases drastically with decreasing the particle size below 10 nm. Recently, we reported that the partial disordering occurs at the surface of nanoparticles after sputter deposition of an alumina coating layer, and the H c significantly decreases due to the exchange coupling of L1 0 FePt with the disordered soft surface region. 1) This structure is substantially similar to a hard and soft composite media proposed by Victora et al. 2) and Inaba et al., 3) and may pave the way to development of new magnetic recording media consisting of L1 0 FePt.
In this study, we prepared epitaxial L1 0 FePt nanoparticle assemblies on MgO(001) substrate and formed disordered surface under various conditions. By changing the sputtering power and deposition time of alumina overlayer, the mechanism of the interfacial disordering of L1 0 FePt will be discussed. Furthermore, their magnetic properties will be discussed from a viewpoint of the hard/soft composite media.
Experimental Method
FePt was deposited on heated MgO(100) substrates at 973 K using the dc magnetron sputtering. At this temperature, the FePt film grows epitaxially with the Volmer-Weber mode, forming magnetically isolated nanoscale islands of L1 0 -FePt with the c-axis normal to the substrate.
4) The deposition of the alumina was carried out after cooling the sample down to room temperature (RT). The nominal thickness of FePt was 5 nm and that of alumina was varied from 0.5 to 10 nm. The sputtering powers for alumina were 100 and 200 W. The microstructures of the films were examined by transmission electron microscopy (TEM). The composition of the FePt particles was evaluated to be nearly equiatomic by energy dispersive X-ray spectroscopy (EDXS). The magnetization curves of the films were measured by a superconducting quantum interference device (SQUID) magnetometer with a maximum magnetic field of 4.3 MA/m. The anomalous Hall effect (AHE) was also measured using a four-probe ac resistance bridge at 980 Hz with a very low bias current of 10 mA at a maximum magnetic field of 7.2 MA/m to saturate the magnetization of the fully ordered samples. A 5 nm Ag capping layer was deposited as electrodes for the AHE measurement. Figure 1 shows the in-plane bright-field TEM image of the 5 nm thick FePt film grown on a MgO(001) substrate at 973 K without alumina capping. The particle size shows a bimodal distribution as reported previously. 4) The average size of the larger particles is about 25 nm and that of the smaller particles is about 3 nm. Since the single domain size of the L1 0 FePt particle with a flat ellipsoidal shape is calculated to be approximately 200 nm, 5) all these particles are believed to be single domain ones. The selected area diffraction pattern in the inset shows that the FePt is L1 0 ordered and has the cube/cube orientation relationship with MgO. Figure 2 shows the cross-sectional bright-field and the corresponding dark-field TEM images of the FePt films (a), (b), (c) and those capped with an alumina layer (d), (e), (f). From these figures, the particle heights are found to be almost uniform, about 12 nm. Because the sputtering condition is the same for both films, no difference is found in those bright-field images. The dark field image in Fig. 2 (e) taken with the (001) superlattice spot shows that the interface between FePt and alumina is darkly imaged. Since the dark field image in Fig. 2 (f) taken with the (002) fundamental spot gives bright contrast from the entire volume of the FePt particles, the dark region in Fig. 2 (e) is concluded to be the disordered A1 structure. The thickness of the disordered interface is about 2 nm. On the other hand, the dark field image in Fig. 2 (b) taken with the (001) spot shows that the entire volume of the FePt particles is brightly imaged, indicating that the FePt particles without the capping layer are perfectly ordered. for 2, respectively. In addition to these superlattice reflections, the (002) and (004) reflections are observed at around 49 and 112 for 2, respectively. The unlabeled sharp peaks are from the MgO substrate. No peaks from the other planes of the L1 0 -FePt phase are seen because of the strong (001) texture. In the films covered with alumina, the peak position of (002) shifts to a lower angle, due to partial disordering at the surface of FePt nanoparticles, as shown in Fig. 2(e) . In order to estimate the thickness of the disordered phase, we assumed a cylindrical FePt particle covered with the disordered surface of thickness d. Figure 4 shows the schematic view of (a) an entirely ordered FePt particle and (b) an interfacially disordered FePt particle. d was estimated from the ratio of the (003) integrated intensity of the interfacially disordered sample and that of the fully ordered sample. The integrated intensities of (003) were measured from the same sample before and after annealing at 973 K to estimate the thickness of the disordered layer using the integrated intensities, where we assumed S ¼ 0 for disordered layer and S ¼ 1 for ordered region. Figure 5 shows the change of the thickness of the disordered phase as a function of the thickness of the alumina capping layer. The thickness of the disordered phase rapidly increases by increasing the alumina layer thickness initially. However, it is saturated when the alumina layer become thicker than 1 nm. Additionally, the thickness of the disordered layer can be reduced by decreasing the sputtering power. These results indicate that we can control the thickness of the disordered phase by Coercivity Control of FePt Nanoparticles by Interfacial Disorderchanging the sputtering power of the alumina as well as the deposition time. Figure 6 shows magnetization curves of (a) the FePt film without alumina cap, those with (b) 1 nm, (c) 5 nm, and (d) 10 nm thick alumina cap. For the FePt film without alumina cap, the magnetization does not saturate with the maximum magnetic field of 4.3 MA/m. The magnetization curve of this film was also measured by the anomalous Hall effect with the maximum magnetic field of 7.2 MA/m as shown in Fig. 7 . The coercivity reaches about 4.1 MA/m. As shown in Fig. 2 , capping with alumina layers resulted in the formation of a disordered layer at the interface with the FePt particle. Although such films consist of hard and soft magnetic composite nanoparticles, the magnetization curves in Figs. 6(b)-(d) behave as a single hard magnetic phase due to the exchange coupling between the two phases. With increasing the film thickness of the alumina layer, H c drastically decreases from 4.1 to 1.5 MA/m. The small reduction in magnetization on the reversal of the zero magnetic field is not due to the presence of the interfacial disordered layers, but is due to the fine particles that are smaller than the superparamagnetic limit or critical size on ordering. 6) Figure 8 shows the change of H c as a function of the thickness of the disordered phase. With increasing the thickness of the disordered phase, H c decreases. This demonstrates that we can control H c by changing the thickness of the disordered phase on the L1 0 -FePt particle.
Results

Control of the thickness of the disordered phase
Magnetic property
Discussion
There are two possible reasons for the interfacial disordering by alumina capping: an interfacial strain between L1 0 FePt and the alumina and/or plasma damage during sputter deposition of alumina. In order to investigate the strain effect on the interfacial disordering, we coated L1 0 FePt with Ag and Al overlayers, because they are expected to cause large strain at the FePt/Ag or Al interface due to large lattice misfit of about 5%. Figure 9 shows XRD patterns of the FePt films capped with (a) Al and (b) Ag. The dotted lines show the diffraction peaks from L1 0 FePt. The peak shift indicative of the formation of disordered FePt as in Fig. 3(b) is not observed when films were capped with Al and Ag. This result rules out the possibility that the interfacial disordering is due to the misfit strain imposed at the interface between the FePt particles and capping layers. The other possible reason for the interfacial disordering is plasma damage during rf sputtering Figure 10 shows the XRD pattern of FePt particulate film capped by the reactive sputtering of Al in the Ar þ O 2 atmosphere. The dotted lines show diffractions from L1 0 FePt. The (002) diffraction peak is shifted to a lower angle only slightly compared with that of the FePt particulate film without the rf sputtered alumina layer, which means that there is little interfacial disordering. It has been reported that the resputtering rate of a deposited SiO 2 film is much larger for sputtering of SiO 2 target than that for Si target under Ar þ O 2 atmosphere, 7) indicating that the incident flux of the highly energetic ions and/or neutral particles, such as recoil Ar, onto the film surface is much larger for SiO 2 target. Similar phenomena would be expected in the present study. Therefore, it is likely that the bombardment of the highly energetic particles during sputtering alumina severely damage and disorders the surface of L1 0 FePt, high energetic particles irradiation experiment as has been confirmed. 8) It is obvious that the magnetic anisotropy field H k of L1 0 FePt is far beyond the maximum field achievable by the present writing heads. Therefore, the adjustment of the switching field for saturation recording is indispensable for utilization of L1 0 FePt as the future magnetic recording media. This work has demonstrated that H c can be significantly reduced by disordering the surface of L1 0 FePt. Moreover, by changing the thickness of the disordered phase, H c would be controlled very well. The decrease of H c due to the interfacial disordering can be attributed to the magnetically hard/soft stack structure, since K u of the disordered FePt phase is one or two orders of magnitude smaller than that of the L1 0 -ordered FePt phase. Each L1 0 FePt nanoparticle is covered with a very thin disordered surface with the thickness of about 2 nm. Therefore, it is likely that the magnetization of these two phases behaves in a body as demonstrated by Inaba et al.
3) Assuming the strongly exchange coupled soft and hard regions, H c is expected to follow this equation,
where H co is the coercivity for a fully ordered L1 0 particle, V 1 is the volume of the ordered phase and V 2 is that of the disordered phase. The dotted line in Fig. 8 is the change of H c expected from eq.
(1), which shows relatively good match with the experimental data. In order to investigate the magnetization reversal of this system, we measured the angular dependence of remanent coercivity H r for the FePt films capped with 5 nm thick alumina. Figure 11 shows H r as functions of field direction H for the FePt particles capped with Ag and 5 nm thick alumina. The reason why the FePt was capped with Ag was to measure H r using the anomalous Hall effect. Ag capping did not cause disordering of FePt at the interface. So the data for Ag capping are the same as those for L1 0 FePt without disordered interface. For Ag/FePt (filled circles), H r shows the minimum value at 45 , suggesting that the magnetization reversal follows the Stoner-Wohlfarth model. On the other hand, H r behavior for the interfacially disordered sample (open circles) is quite different from that for Ag/FePt; that is, H r is not only smaller but also almost constant in the range of H from 0 to 50 , indicating that the reversal behavior is obviously affected by the presence of the very thin disordered interface. This H r behavior seems to be analogous to that for loosely coupled hard/soft composite media proposed by Victora et al.
2) rather that the strongly coupled one. More detail and clear explanation for the reversal mechanism of the interfacially disordered FePt nanoparticle is strongly required study.
Conclusion
The interfacially disordered FePt particles assembly with various thickness of the disordered layer were fabricated on a MgO(001) single crystal substrate and their microstructure and the magnetic properties have been investigated. The results are summarized as follows: (1) The formation of the disordered layer is due to the bombardments of highly energetic particles during sputtering of alumina. (2) The thickness of the disordered layer can be controlled by changing the thickness of the alumina as well as the sputtering power. (3) H c can be controlled by changing the thickness of the disordered phase.
